The European Pharmacopoeia, the U.S. Pharmacopoeia, and the Pharmacopoeia of the People's Republic of China all prescribe a high-performance liquid chromatography-ultraviolet method within a C18 column system for the separation of Azithromycin (AZT) and its related substances. The identification of impurities in the AZT complex was performed according to the relative retention time (RRT) between each impurity and AZT. However, the RRT values of impurities often vary on different types of C18 packing materials and at different column temperatures, which could affect the accurate and fast identification of impurities. In our study, five different commonly used C18 columns as well as nine different column temperature set points were assessed for the analysis of AZT and its related substances. A factorial design was applied to analysis the relationships between column types/ column temperatures and RRT value of each impurity. The results showed that the change rates of the RRT values of impurities were different on different columns and at different column temperature set points. Therefore, the current method adopted by the three Pharmacopeias, in which the RRT values were used to identify the related substances, is not suitable to identify the ones in the AZT chromatographic system.
Introduction
Azithromycin (AZT) (Figure 1 ) is a semi-synthetic macrolide antibiotic derived from Erythromycin A via modification through oximation, Beckmann rearrangement, deoxidization and Eschweiler-Clarke methylation (1) . Both AZT and erythromycin have antibacterial activities which to inhibit the synthesis of bacterioprotein. Because the ketone group on the lactonic ring of AZT is replaced, stability of AZT under acidic conditions is significantly better than erythromycin (2, 3) .
There are 19 known impurities in AZT that have been reported in the literature (Table I, Figure 1 ) (1, 4-7) which might come from synthetic materials (8) , synthetic byproducts and degradation. Currently, a C18 reverse phase-high-performance liquid chromatography method is adopted by the European Pharmacopoeia (EP8.0) (4), the U.S. Pharmacopoeia (USP37/NF32) (5) and the Pharmacopoeia of the People's Republic of China (ChP2010) (6) to control the impurities in AZT. However, the EP8.0 (4) and the USP37 (5) apply the relative retention time (RRT) between impurities and AZT to localize the impurities' peaks (Table I) (4, 5) , while the ChP2010 edition (6) identifies those peaks by comparing the chromatogram supplied with AZT for system suitability reference standard (RS) and the chromatogram obtained with reference solution of the RS.
Azithromycin is an alkali compound which is easily absorbed by the Si-OH on chromatographic packing materials and this causes serious tailing of the chromatographic peaks. Therefore, it is relatively difficult to select a suitable type of chromatographic column packing material to analyze impurities in AZT with HPLC (9) (10) (11) . Some of the involved columns reported in previous studies include the LiChro-CART HPLC-cartrige Purospher STAR RP-18 endcapped (Merck, Darmstadt, Germany) column (12, 13) , the Xterra RP18 Column (Waters Corporation, Milford, MA, USA) column (7, 9) , the Dikma ODS (Dikma, Beijing, China) column (14) , the XBridge shield RP18 (Waters Corporation) column (10, 11, 15) and the CAPCELL PAK C18 MG II (SHISEIDO, Tokyo, Japan) column (11, 16) . In addition, the temperatures used in those works are various, including ambient temperature (6, 13), 30°C (10, 11, 15, 16) , 40°C (14) , 50°C (7, 12) , 60°C (4, 5) and 70°C (9) . The experimental room temperatures have also required different ranges across pharmacopoeias of different countries, such as 15-25°C in the EP8.0 (4), 20-25°C in the USP37/ NF32 (5) and 10-30°C in the ChP2010 edition (6) .
The impurities in AZT are often difficult to separate completely which hinders the identification by RRT in routine tests. In order to analyze variations on the current official method and evaluate the diversity of retention behaviors across all impurities in AZT, we adopt a factorial design with chromatographic column type (x 1 ) and column temperature (x 2 ) as independent variables (x) and all impurities RRT (y n ) as dependent variables (y). The different elution methods involved in analysis of related substances within different pharmacopeias.
Experiment

Instruments
All HPLC methods were performed on Waters 2,690 Separations Module coupled with Waters 996 Photodiode Array Detector that was controlled by Millennium 32 Software (Waters Corporation). The impurity work RSs of AZT-related substances of B, N, E, M and H ( purity all >95%) were purchased from the PLIVA Croatia Ltd (Zagreb, Croatia).
Reference standards
Test solutions
Respectively dissolve 5 mg of AZT RS, impurity RSs of its related substances of A, I, J, L, Q, R and S; and the work RSs of related substances of B and H in acetonitrile and then dilute to 10 mL with the same solvent as test solution T1.
The AZT for Peak Identification CRS of the EP and the AZT Identity RS of the USP were weighed and then dissolved, respectively, with the solvent prescribed in the EP8.0 to make a final concentration of 8 mg/mL termed test solution T2 and T3.
The AZT for System Suitability CRS of the EP was weighed and then dissolved with the solvent prescribed in the EP8.0 to make a final concentration of 0.05 mg/mL termed test solution T4.
We diluted 1 mL of test solution T1 to 10 mL with test solution T2 to create test solution T5 (containing AZT and its related substances of A, B, C, E, F, G, H, I, J, L, M, N, O, P, Q, R and S).
All impurity (work) RSs and test solutions T2-T4 are used for localization of related substances during the test.
Chromatographic columns
Several columns were chosen for the study, including the CAPCELL PAK C18 MG II (4.6 × 250 mm; 5 µm; SHISEIDO), the XBridge shield RP18 (4.6 × 250 mm; 5 µm; Waters Corporation), the Asahipak ODP-50 4E (4.6 × 250 mm; 5 µm; Shodex, Tokyo, Japan), the Ultimate Polar-RP (4.6 × 250 mm; 5 µm; Welch, MD, USA) and the XUnion C18 (4.6 × 250 mm; 5 µm; ACCHRM, Dalian, China). See Table II for performance parameters of all chromatographic columns.
Reagent
Acetonitrile and methanol were chromatographic grade and were purchased from Fisher Company (Pittsburgh, PA, USA). Dibasic potassium phosphate, disodium hydrogen phosphate anhydrous, ammonium dihydrogen phosphate, ammonia, phosphoric acid and sodium hydroxide were all analytical grade and were purchased from Beijing Chemical Reagent Company (Beijing, China).
HPLC analytical method
Phosphate buffer which contained 0.05 mol/L dipotassium hydrogen phosphate solution adjusted to an 8.2 pH value with 20% phosphoric acid solution and acetonitrile (45 : 55) as described in the ChP2010 edition (6) was used as the mobile phase. The flow rate was 1.0 mL/ min under a detection wavelength of 210 nm. Test column temperatures were 20, 25, 30, 35, 40, 45, 50, 55 and 60°C, respectively. Acetonitrile was the solvent used in tests.
The chromatographic systems in the EP8.0 (4) and the USP37 (5) were the same, while mobile phase A was 1.80 g/L disodium hydrogen phosphate anhydrous solution (adjusted to an 8.9 pH value with dilute phosphoric acid or dilute sodium hydroxide) and mobile phase B was methanol-acetonitrile (25 : 75, v/v). The gradient elution method is shown in Table III 
Results
Influencing factors analysis
Under the chromatographic conditions applied in the ChP2010 edition (6), test solution T1 was assayed to identify the RT of AZT and its impurities of A, B, H, I, J, L, Q, R and S across different chromatographic columns and different column temperatures. The RRTs of all impurities were calculated. Factorial analysis was performed with the SPSS Statistics 19.0 software. We set chromatographic column types (x 1 ) and column temperatures (x 2 ) as independent variables (x) as well as RRT (y n ) of impurities as dependent variables (y). We utilized the 5% level of significance. The results showed a significant influence of column types and column temperatures on the RRT of impurities and also revealed the existence of interaction between the two factors. There were significant differences in RRT between different types of columns due to the influence of column temperatures. This also indicates that RRT of different impurities had different sensitivities to the influence of temperatures given the same type of column ( Figure 2 ). The sensitivity of the same impurity to column temperatures under different types of chromatographic columns was also variable (Figure 3 ). Further analysis was done with column temperatures taken as an independent variable (x) and the RT of AZT and impurities as dependent variables (y n ). After relevant linear analysis of these variables, a linear correlation was found between RT of compounds and the temperature, while the slopes (rate of change, b n ) of the linear regression curves were significantly different (Table IV) . These results suggest that the RRT of impurities might vary across different types of column even given the same column temperature. While we performed all tests under the official chromatographic systems provided by the EP8.0 (4)/USP37 (5), the RRT results of AZT and impurities under 60°C column temperature conditions failed to localize the impurity peak with RRT in most cases (Table V) . As we carried out all experiments on a same HPLC system with 250 mm columns, the influence of dead volume of the different column system upon RRT values can be ignored. Therefore, the method to localize the chromatographic peak of impurities simply by prescribing RRT was not suitable to execute the inspection of related substances to AZT.
Discussion
Influence on separation of impurities
In order to further explore the influence of column temperatures based on the chromatographic system of the ChP2010 edition (6), test solution T5 was assayed under chromatographic systems provided by the EP8.0 (4) and the USP37 (5), respectively, under a column temperature of 60°C. The comparative results are presented in Figure 4 (Table VI) , which shows the separation status of impurities in AZT using different types of chromatographic columns. Column 5 of the chromatographic system under column temperature 30°C provided by the ChP2010 edition (6) showed the best separation, while AZT and its 17 impurities (A, B, C, E, F, G, H, I, J, L, M, N, O, P, Q, R and S) coupled with rotamer 1 and 2 of impurity F were separated effectively ( Figure 5 , Table VII ). This result is superior than reports from prior studies (7) which separated AZT and its 15 impurities simultaneously. The selection of reversed-phase liquid chromatography columns most suitable for AZT analysis in official compendia is still difficult although five of different columns had been tested (Table II) . As Column 5 of the chromatographic system under column temperature 30°C
provided by the ChP2010 edition showed the best separation ( Figure 5 , Table VII), it was thought that the column with end cap and a high carbon load may be more suitable for the separation. Recently, we found column parameter A in the Snyder/Dolan column 25  45  55  30  40  60  80  25  75  81  50  50  93 50 50 Figure 2 . Changes in retention behaviors of AZT and its impurities in different types of chromatographic columns with various column temperatures. This figure is available in black and white in print and in color at JCS online. ChP, ChP2010 edition (6); EP/USP, EP8.0 (4) and USP37 (5).
characterization methodology to be the most important factor affecting the separation of _β-lactam (17) . The key column parameters affecting the separation of the critical pairs of AZT impurities are being approached.
Conclusion
All results in the current study provide evidence that the chromatographic retention behaviors of AZT and its impurities are affected by chromatographic column types and column temperatures. The column type and column temperature might also be interacting with each other. Although the separation could be improved by adjusting the column temperature, the varieties of RRT needed for each impurity might result in negative results when trying to localize and identify the impurities in AZT. To overcome the shortcoming, a standard chromatogram produced from Peak Identification CRS coupled with reference values of RRT was established. It might be considered as a relatively reasonable localization and identification method to perform in related substance inspection of AZT.
Funding
